Background-Hyperkalemia has been associated with higher mortality in long-term hemodialysis (HD) patients. There are little data concerning the relationship between dietary potassium intake and outcome.
inflammatory markers. The HR (95% confidence intervals) of death across the 3 higher quartiles of dietary potassium intake in the fully adjusted model (compared to the lowest quartile) were 1.4 (0.6-3.0), 2.2 (0.9-5.4) and 2.4 (1.1-7.5), respectively (p for trend: 0.03). Restricted cubic spline analyses confirmed the incremental mortality-predictability of higher potassium intake.
Limitations-FFQs may underestimate individual potassium intake and should be used to rank dietary intake across population.
Conclusions-Higher dietary potassium intake is associated with increased death risk in longterm HD patients, even after adjustments for serum potassium and dietary protein, energy and phosphorus intake and nutritional and inflammatory markers. The potential role of dietary potassium in the high mortality rate of HD patients warrants clinical trials.
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The number of new patients with advanced chronic kidney disease (CKD) undergoing maintenance dialysis is increasing worldwide. (1, 2) However, the life expectancy of these patients is still much lower than that of the general population. The causes for the excess allcause mortality are not clear. (3, 4) Disorders of potassium metabolism are common in CKD patients and especially in those undergoing chronic hemodialysis (HD) treatment. (5, 6) As kidney function decreases, the ability to maintain serum potassium in the physiologically normal range is jeopardized. (7) (8) (9) (10) (11) One of the many roles for dialysis treatment is to regulate serum and body potassium levels. Indeed in long-term HD patients, hyperkalemia has been associated with higher mortality. (5, 6, 12, 13) Hence, persons with CKD are advised to ingest less than 1500 mg (<76 mmol) of potassium per day according to diverse sources, including the "patient information" of UpToDate (13a).
Notwithstanding the epidemiological data in HD patients relating adverse health effects to high serum potassium and considering the importance of limiting the amount of potassium in the diet of in these patients, there are little data concerning the association of the quantity of dietary potassium intake with outcome. Whereas serum potassium may vary erratically as a result of many factors (thrice weekly HD treatments, residual renal function, gastrointestinal disorders such as diarrhea, variation in blood sugar or insulin, tissue degradation during infection, etc), assessment of averaged dietary potassium may be a better surrogate of overall potassium load. However, it is not easy to determine the independent effects of dietary potassium on survival, because other dietary components that may influence clinical outcome, such as protein or phosphorus intake, tend to covary with potassium intake. In this study we examined the independent relationship of potassium intake with mortality in a cohort of 224 long-term HD patients who were followed for up to 5 years, in whom other nutritional and inflammatory measures, including circulating cytokines, and body composition, were also assessed. We hypothesized that higher dietary potassium intake is independently associated with increased death risk in maintenance HD patients.
Methods

Study Design and Population
We studied prevalent HD patients who participated in the NIH-funded NIED (Nutritional and Inflammatory Evaluation in Dialysis) Study. (14) (15) (16) (17) (18) The original patient cohort was derived from a pool of approximately 1,300 HD outpatients in eight DaVita Inc. chronic dialysis facilities in the South Bay Los Angeles area (the NIED Study website [www.NIEDStudy.org] contains more details). Inclusion criteria were outpatients who had been undergoing HD for at least 8 weeks, were 18 years or older and who signed a local Institutional Review Board approved consent form. Patients with an anticipated life expectancy of less than 6 months (for example, due to metastatic malignancy or advanced HIV/AIDS disease) were excluded. From October 1, 2001 , through December 31, 2006 , 893 HD patients from the eight DaVita dialysis clinics in the Los Angeles South Bay area signed the informed consent form and underwent the periodic evaluations. Of these, we examined the first recruited 224 patients who enrolled in the NIED Study between October 1, 2001 and March 31, 2002 and whose dietary intake were examined via food questionnaires. The medical chart of each HD patient was thoroughly reviewed by a collaborating physician, and data pertaining to underlying kidney disease and comorbid conditions were extracted. A modified version of the Charlson comorbidity index, i.e. without the age and kidney disease components, was used to assess the severity of comorbidities. (19, 20) The survival of these 224 HD patients was followed up to 63 months, i.e., until December 31, 2006.
Anthropometric Measures and Body Composition
Anthropometric measurements were performed by DaVita dietitians while patients undergoing HD treatments or within 5-20 min after termination of the treatment. Body weight was measured at the end of the HD treatment. Biceps and triceps skinfold thicknesses were measured with Lange calipers (Cambridge Scientific Instruments, www.cambridgescientific.com) as previously described. (21, 22) Body fat and fat-free body mass were measured by near infrared interactance (NIR) at the same time as the anthropometric measurements. (23, 24) A commercial near-infrared interactance sensor with a coefficient of variation of 0.5% for total body fat measurements (portable Futrex 6100, www.futrex.com) was used as described elsewhere.(24)
Laboratory Tests
Pre-HD blood samples for NIED Study measurements were obtained at the time of quarterly blood tests in the participating DaVita clinics. The single-pool Kt/V also included post-HD blood sampled to estimate the weekly dialysis dose. All routine laboratory measurements including serum potassium were performed in the DaVita Laboratories using automated methods. In this study, 3-month averaged values of routine laboratory measures were used. In the first 110 recruited patients from 4 DaVita clinics, enrolled in October 2001, all blood measures during the entire 4 th calendar quarter of 2001 were averaged into a single value. In the remaining 114 patients, recruited in January 2002 from the other 4 clinics, similar averaging was performed during the 1 st quarter of 2002. The quarterly averaged serum potassium value for each patient was calculated using all reported potassium measures (from 3 monthly to 6 or more bi-weekly values).
Serum high sensitivity C-reactive protein (CRP) was measured by a turbidometric immunoassay, (25, 26) and interleukin 6 (IL-6) and tumor necrosis factor alpha (TNF-α) were measured with immunoassay kits based on a solid-phase sandwich ELISA. (27, 28) . Plasma total homocysteine concentrations were determined by high-performance liquid chromatography, and serum transthyretin (prealbumin) was measured by immunoprecipitin analysis in the Harbor-UCLA Clinical Laboratories.(4)
Dietary Intakes via Food Frequency Questionnaire
In order to estimate the dietary intake of participating subjects over 6 to 12 months at the start of the cohort, the Block Food Frequency Questionnaire (FFQ) was administered once during the enrollment calendar quarter, i.e., the last quarter of 2001 and the first quarter of 2002 for the first 110 and remaining 114 patients, respectively, to correspond the period of 3-month averaging of laboratory data. The full-length, Block FFQ was originally developed by Gladys Block, PhD, at the National Cancer Institute, and has since been updated and improved. (29, 30) is an 8-page paper and pencil form that can be completed at home or during outpatient visits, such as HD sessions, in about 20 to 40 minutes. The FFQ includes more than 150 multiplechoice questions based on 107 food items. The first five questions are general inquiries concerning types of fruits, vegetables, cereal, and fat or oil that are ingested. Seventeen subsequent questions are about intakes of vitamins and minerals or herbal supplements. The next 130 items are detailed questions about food intake habits and asks how often a person consumes around 100 common foods. Each of these questions has two sets of multiplechoice answers, i.e., the frequency of intake of the given food item with up to nine options from never to every day; and the quantity (portions or servings) of the ingested food and with four levels. At the end, there are nine additional questions about the general impressions and opinions of the responder with regard to the whole questionnaire. Block FFQ has been validated for most nutrients including potassium using multiple diet records. (30, 32) In this study, a group of trained research assistants and dietitians supervised the FFQ administration while the HD patients were undergoing routine HD treatment in their dialysis clinics. The completed FFQ booklets were reviewed immediately after they were returned, and if any question remained unanswered, the FFQ was returned to the patient with the request to attempt to answer the blank questions. All completed FFQs were scanned by an optical mark reader scanner, and the results were analyzed using software specifically designed for Block FFQ based on food ingredient data from the United States Department of Agriculture.
It is important to note that FFQs, as compared to real-time dietary recording or diary techniques, tend to underestimate nutrient intake, but this underestimation is. usually nondifferential. (30, (32) (33) (34) Hence, nutrient intakes calculated from FFQs correlate with those from dietary diaries and recalls. (30, 32, 34) Estimated nutrient intakes from FFQs should therefore be reported and analyzed as either ranked values, i.e., quartiles, percentiles, etc., or as ratios of two different nutrients (e.g. phosphorus per protein ratio),(45) rather than absolute values per individuals.
Statistical Methods
Pearson's correlation coefficient (r) was used for analysis of linear associations. A restricted cubic splines graph was utilized as an exploratory data analysis strategy to illustrate systematic relations between dietary potassium and mortality. This method also served to examine the non-linear associations as continuous mortality predictors as an alternative to potential inappropriate assumptions concerning linearity. (35) Thereafter, to calculate the relative risks of death, hazard ratios (HR) were obtained using Cox proportional hazard models after controlling for the relevant covariates. Kaplan-Meier analyses were employed to assess the differences in surviving proportions between quartiles of potassium intake.
We performed incremental levels of multivariate adjustment: (A) Case-mix variables included age, gender, race/ethnicity, diabetes, dialysis vintage, insurance (Medicare vs. others), marital status, modified Charlson comorbidity score, dialysis dose (Kt/V), phosphorus binder intake and residual renal function. (B) Dietary intake variables included energy, protein, and phosphorus intake as estimated from FFQ. (C) Malnutrition inflammation complex syndrome (MICS) variables included serum phosphorus, albumin, creatinine, bicarbonate, calcium, ferritin, blood hemoglobin, white blood count and lymphocyte percentage; prescribed erythropoietin and active vitamin D doses; normalized protein nitrogen appearance (nPNA), also known as normalized protein catabolic rate (nPCR); and body mass index. (D) Additional adjustment was made for three inflammatory markers (CRP, IL-6, and TNFα). Descriptive and multivariate statistics were carried out with the statistical software Stata version 10 (Stata Corp, www.stata.com).
Results
Baseline demographic and clinical characteristics and laboratory values of the 224 HD patients are shown in Table 1 . They were similar to the rest of the 893 participants of the NIED Study (data not shown). The patients' mean age (±SD) was 55.0±13.8 years; 48% of patients were women (n=107), 54% (n=120) Hispanic, and 25% (n=57) African-American. We categorized participants into quartiles depending on their dietary potassium intake with 56 patients in each quartile. Table 1 also shows the foregoing demographic, clinical and laboratory measures in each quartile of potassium intake. There was no significant difference in the prevalence of diabetes mellitus and other comorbidities according to the Charlson comorbidity score. There were no remarkable differences across the four quartiles with regard to measures of body size or composition, anthropometry, or biochemical measurements measures including inflammatory markers. Hence, in our analyses, we did not normalize dietary potassium for measures of body size or composition. The top 10 sources of dietary potassium in our study population included beef, chicken, Mexican food (burritos, tamales, enchiladas, etc), hamburgers, legumes, fresh fruits, real fruit juices, fried potatoes, cheeseburgers, and canned fruits. In correlation analyses, potassium intake was positively correlated with the dietary energy, protein and phosphorus intake, and also marginally (r=0.14, p<0.05) with predialysis serum potassium. Figure 1 demonstrates the positive linear associations between potassium intake and the intakes of energy, protein and phosphorus.
Over the 5 years that the cohort 81 (36%) patients died. Figure 2 shows the cubic splines graph illustrating the multivariate adjusted association between estimated dietary potassium intake (in percentiles) and 5-year mortality in 224 HD patients using a parsimonious model with reduced number of adjustors. A rather robust trend towards increased death risk was observed in the HD patients with higher dietary potassium intakes. The lowest quartile of dietary potassium appeared to be associated with the greatest survival. Figure 3 shows the Kaplan-Meier analyzed proportion of surviving patients across the four quartiles of dietary potassium intake, indicating that the highest dietary potassium quartiles were associated with the worse survival. The estimated death hazard ratios are shown in 
Discussion
Using a frequently utilized and previously validated FFQ to estimate daily nutrient intake for ranking 224 HD patients according to their dietary potassium intake, we found that higher dietary potassium was correlated with higher 5-year mortality. Although there are several reports of an association between the predialysis serum potassium and outcomes in CKD patients, (6, 12, 13, 37) to our knowledge this is the first investigation in HD patients to report the association of dietary potassium intake with mortality. The incremental mortalitypredictability of dietary potassium in HD patients may have important clinical and dietary implications in the management of CKD patients.
The FFQs are widely used in the field of Nutritional Epidemiology to estimate food intakeassociated relative risk for disease conditions because of the ease with which they can be administered and with which the information on food intake can be entered into computerized data bases. Moreover, FFQs can provide comparative long-term estimates of dietary intake of certain foods and nutrients across large populations.(38) However, the Food and Nutrition Board cautions that FFQ data may not be accurate enough to assess the absolute amounts of the dietary intakes at individual (person) level because of three limitations: (1) Lack of direct quantitative assessment of individual amounts of nutrients consumed each day; (2) Inability to cover all possible food items that people may ingest; and (3) Inclusion of diverse varieties of a given food under one single food item question, leading to potential failure to capture significant differences among different food subtypes. (38) In the present study, it was our intent to assess the relative amounts of potassium ingested by HD patients. Hence, we made the assumption that the FFQs accurately assessed to which dietary potassium quartile or percentile a HD patient belonged. However, the calculated absolute potassium intake shown in Table 1 may be underestimates. Assessment of dietary potassium by FFQ in HD patients may be considered a more valid tool for estimating graded exposure to dietary potassium load as compared to serum potassium per se. The weekly to monthly measured pre-HD serum potassium value may significantly misrepresent dietary potassium load; serum potassium can fluctuate during a single day in response to intake of sporadic nutrients such as carbohydrates or throughout the dialysis cycle. (39) The dose and schedule of hemodialysis treatments as well as the degree of residual renal function, net tissue breakdown (e.g. due to infections) and acid-base status may also affect the predialysis potassium level. (40) Moreover, in the HD patient, serum potassium concentrations will also fluctuate in response to net intestinal potassium absorption or excretion such as during diarrhea.(40) Thus, predialysis serum potassium can provide only a short-term estimate. Indeed, it is pertinent that in our current study, the pre-HD serum potassium correlated to a low degree with the calculated dietary potassium intake. Although dietary potassium intake does affect serum potassium in HD patients, perhaps this relationship is only strong when the potassium intake is very low or very high.
The results of our study indicating that potassium intake is directly associated with survival are in concordance with other studies. (6, 12, 13) These studies evaluated the impact of the baseline serum potassium level on survival in chronic dialysis patients. Predialysis serum potassium was shown to be an independent prognostic associate of death. The risk of death increased with higher serum potassium values. On the other hand in the study by Saran et al (37) hyperkalemia above 6.0 mEq/L failed to achieve statistical significance with respect to the relative risk of mortality. Poor adherence to dietary and medical advice is quite common in adult chronic dialysis patients. (41) In many societies and patients, limitations of fiscal resources as well as cultural factors make dietary adaptation difficult. (42, 43) Some limitations should be considered in interpreting our findings. First is the limited sample size, which prevents a more detailed analysis of the association of potassium intake and cardiovascular or cause-specific mortality or of other types of subgroup analyses, although death causes of dialysis patients in the 2746 death reports may not be accurate. Second is the selection bias during enrollment. However, because mortality in our cohort was less than that in the base population, it might be argued that selection bias was in a direction that would lead to bias toward the null; therefore, without this bias, our results might have been even stronger. Third is the lack of information regarding the dialysate potassium concentration (the so-called K bath); however, even though we have previously examined the mortality-predictability of K bath in a large national cohort,(12) the selection of K bath is usually secondary to serum potassium level and, hence, subject to substantial confounding by indication. Fourth, the FFQ has been applied only one time in the beginning of the study, but dietary potassium habits may have changed subsequently. Fifth, although it is validated for potassium intake in the healthy population (30, 32) , the Block FFQ has not been validated in dialysis patients, who may differ in their food intakes from dialysis to nondialysis days (44) . Furthermore, FFQ may underestimate the amount of daily protein (38) and potassium intake. (30, 36) However, our findings are based on ranked (quartiles and percentiles) data rather than absolute amounts of dietary intakes per individuals.
An important strength of our study is the long period of follow-up (63 months). Other strengths are the comprehensive laboratory evaluations with 3-month averaging at the same time when FFQ was administered, the concomitant assessments of body composition, and the detailed evaluation of the clinical and comorbid states of the patients. Our cohort has been extensively characterized for markers of inflammation, nutritional status and body composition. The availability of these measures allowed us to show that potassium intake is associated with mortality risk independent of influences from other known nutritional or inflammatory markers. A unique feature of this study is its novelty in assessing potassium intake measured by FFQ, which is a validated method to estimate long-term usual dietary intake at a population basis and is arguably a more valid tool for estimating overall body potassium exposure or burden as compared to an instantaneous serum potassium measurement.
In conclusion, higher dietary potassium intake is associated with increased death risk in HD patients, even after adjustments for serum potassium and dietary protein, energy and phosphorus intake. Taken together, these results support the importance of dietary interventions on survival in CKD patients and suggest a potential role for dietary potassium in the high mortality rate for dialysis patients. Future randomized controlled studies are needed to confirm these findings. Scatter plots with regression lines reflecting the correlations between potassium intake with calorie (upper, left), protein (upper right) and phosphorus intakes (lower left) and baseline predialysis serum potassium (lower right). Shaded areas reflect the 95% confidence intervals.
Figure.2.
Spline model with 95% CI and 2 degree of freedom reflecting adjusted mortality predictability of potassium intake, expressed as a percentile of the average dietary potassium intake in the 224 maintenance hemodialysis patients (from Oct. 2001 to Jan. 2007). A parsimonious model with a limited number of adjusters (case mix, serum potassium and intakes of energy, protein and phosphorus) has been examined here. Estimated daily potassium intake in mmoles (mean+/−SD) is shown for each quartile (Q). Estimates is based on a food frequency questionnaire, which tends to underestimate daily nutrient intake proportionately, including daily potassium intake. Kaplan-Meier proportion of surviving HD patients after 5 years of observation according to the quartiles of potassium intake in 224 HD patients,adjusted for case-mix.Case-mix variables: age, gender, race/ethnicity, diabetes mellitus, dialysis vintage, primary insurance, marital status, Charlson co-morbidity score, dialysis dose (Kt/V), intake of phosphorus binders and residual renal function. Table 1 Baseline characteristics and mortality, according to the quartile of dietary potassium intake 
